Solid-state thermal neutron detectors are desired to replace 3 He tube based technology for the detection of special nuclear materials.
INTRODUCTION
Because thermal neutron detectors are sensitive to gamma rays, and most nuclear materials emit 10 or more times as many gamma rays as neutrons, the gamma ray sensitivity of a neutron detector is an important figure-of-merit. Gamma rays can deposit energy to detector by Compton scattering or photoelectric effect and generate electron-hole pairs which create the electronic current indicating the presence of radiation. The current that is measured can be generated by either radiation from gamma or neutron interaction. It is desirable to have registration of only the intended radiation source. In order to effectively shield gamma-rays, thick lead bricks can be piled around the detector due to its high density of 11.35 g/cm 3 and high atomic number of 82 [1] . But lead shielding makes the detection system heavy and less portable. It is important to design and optimize the materials and device structures for high neutron detection efficiency with excellent neutron-to-gamma discrimination. 3 He tubes [2] are the mostly widely used thermal neutron detectors due to their high capture cross-section of thermal neutrons (3837 barns), high interaction probability with thermal neutrons and low interaction probability with gamma rays. Neutron-to-gamma separation can be done by inspection of amplitudes of registered pulses [3] . Due to shortage of 3 He, sensitivity to microphonics, and usability in the field, solid state detectors attract much attention as an alternative technology to replace 3 He tubes.
The detector under development is based on high aspect ratio P-I-N diodes filled with 10 B, the neutron conversion material [4] [5] [6] [7] [8] [9] . Thermal neutrons have a low probability of interacting with conventional semiconductor materials. Thus, a two step detection process is generally required. First, the thermal neutrons are converted to energetic ions by a material with a high thermal neutron cross-section. In our device 10 B is used (its cross-section for thermal neutrons is 3,837 barns) resulting in the following reaction: n + 10 B α + 7 Li. Second, these ions are collected using a reverse biased semiconductor diode. Three major criteria drive the optimal design of thermal neutron detectors: sufficient thickness of neutron convertor material (50 µm in 10 B), high probability of ion energy deposition within semiconductor *nikolic1@llnl.gov; phone: 1 925 423-7389 detector (ion track length 3 µm in 10 B), and large discrimination between gamma ray events and thermal neutron events. Using a three-dimensionally integrated approach, very high detection efficiency is possible because the geometrical constraints on the converter material thickness are decoupled from the limitation of the ion track length, as shown in Figure 1 . In this case, the 10 B thickness is defined by the pillar height (etch depth) so as to absorb the thermal neutrons. The pillar pitch is defined lithographically to allow the highest possible interaction of the energetic ions with the semiconductor pillars. When the 3D pillar detector is scaled to 50 µm, high efficiency (> 50 %) and high neutron-togamma discrimination (> 10 5 ) is predicted [4] [5] [6] [7] [8] . In this work, the effects of intrinsic layer thickness, pillar height, substrate doping as well as incident gamma energy on gamma discrimination are investigated. Figure 2 shows the schematic of a pillar structured thermal neutron detector. H 1 , H 2 and H 3 denote pillar height, intrinsic layer thickness below pillars and substrate thickness, respectively. There are two basic processes in radiation detection: radiation absorption and generated carrier transport. For neutron detection, the absorption only takes place in neutron conversion material ( 10 B) which is defined by the area void of pillars. 10 B should be sufficiently thick for neutron absorption or roughly three times the mean free path (18 µm) of neutrons in 10 B. Generated carriers are swept into n + and p + layer by electric field induced by either built-in voltage or external reverse bias. For gamma detection, the absorption takes place in the entire silicon portion (p + , intrinsic, n + substrate). Carriers generated in intrinsic region (H 1 and H 2 ) are collected by carrier drift induced by electric field, and carriers generated in p + region and n + substrate (H 3 ) are collected by carrier diffusion. The portion of collected carriers in the high doping region depends on carrier diffusion length which is determined by doping concentration.
DESIGN CONSIDERATIONS
In general, increasing pillar height (H 1 ) enhances both neutron and gamma absorption. Increasing H 2 only increases gamma absorption since the intrinsic layer below pillars is only sensitive to gamma-rays and void of 10 B which is required for neutron absorption. This layer should be reduced as much as possible. Increasing H 3 enhances gamma absorption, but the gamma counts will saturate when H 3 is much thicker than carrier's diffusion length.
The value of neutron-to-gamma discrimination which is defined by ratio of neutron efficiency to gamma efficiency depends on structure geometry and substrate doping concentration. In this section, all of these effects are discussed in detail. 
Intrinsic layer thickness
Pillar arrays are formed by deep reactive ion etch on a silicon substrate with PIN structure. The pillars can be etched all the way through intrinsic layer for the best gamma discrimination. The excess intrinsic layer below the pillars makes the detector more sensitive to gamma ray without further improvement of neutron detection efficiency. Figure 3 shows the measured gamma discrimination with gamma energy of 662 keV as a function of total thickness of intrinsic layer. The total thickness (H) is the sum of pillar height (H 1 ) and the thickness of intrinsic layer below pillars (H 2 ) as shown in Fig.  2 . The discrimination value decreases from 1.3×10 7 down to 44 as the intrinsic layer thickness increases to 190 µm. Sensitivity of 3 He tube to gamma-rays is a function of the pressure of 3 He gas and tube volume. The sensitivity increases with gas pressure for a fixed volume. Typically 3 He tube has gamma discrimination in the range of 10 5 -10 9 [3, 10] . In order to obtain gamma discrimination of 10 5 , the total intrinsic thickness in pillar detector should be less than ~ 80 µm. 1.0E+00
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Gamma efficiency and neutron-to-gamma discrimination as a function of pillar height are simulated by MCNP [11] ( Figure 4 ). Gamma energies in the simulation are 0.66 MeV, 1 MeV and 1.3 MeV. The results show that gamma efficiency linearly increases with pillar height of interest (25 µm to 75 µm) for all the gamma energies considered. As the gamma energy decreases the gamma efficiency increases due to the higher probability of the gamma interaction with the Si pillar array. The discrimination value increases with pillar height up to 50 µm, after which the neutron efficiency starts to saturate. Note that greater than 90 % of neutrons normally incident on the surface are absorbed by 50-µm-thick 10 B. Beyond the saturation point (50 µm pillar height), the discrimination value decreases with pillar height, because the increasing of neutron efficiency becomes slower than that of gamma efficiency. The thermal neutron detection efficiencies with varied pillar heights are obtained from Ref. [7] . In general, the discrimination is in the range of 2 x 10 5 to 8 x 10 5 for gamma energies of interest. The optimized pillar height is 50 µm in terms of thermal neutron detection efficiency and gamma discrimination. The low gamma discrimination value is due to the low linear attenuation coefficient (µ), which is corresponding to the interaction probability per unit distance. The low µ is responsible for the small gamma counts being registered and correspondingly large discrimination value. 
Substrate doping and thickness
In addition to intrinsic layer absorption, gamma-rays can also be absorbed in the substrate with the same absorption rate. The charge carriers generated by the radiation in a highly doped substrate recombine quickly due to their short lifetimes. But minority carriers still have the possibility to contribute to the output signal by diffusing into the intrinsic layer and finally collected by electrodes. 
EXPERIMENTAL
Three devices based on the P-I-N structure (0.8 µm p + layer, 24.2 µm intrinsic layer and n + substrate) were investigated in this experiment. The pillar heights for these devices are 0, 12 µm and 25 µm respectively. The pillar arrays are filled with 10 B by low pressure chemical vapor deposition [13] . The physical sizes of devices are 2 x 2 mm 2 . All devices were operated at 0 V and irradiated with 137 Cs gamma sources with activity of 5.64 x 10 5 MBq in Radiation Calibration Lab at Lawrence Livermore National Laboratory. Figure 7 shows the schematic of gamma radiation setup. The devices were placed 30 cm away from gamma sources. The irradiation time was set to 3600 seconds. The background noise spectrums without radiation exposure were also measured for 3600 seconds. A standard Ortec 142 preamplifer and Ortec 572 amplifier together with AMPTEK 8000A multichannel analyzer were used for data collection. 
RESULTS AND DISCUSSION
The gamma pulse height spectra after subtraction of background noise for three 24.2 µm intrinsic layer devices are shown in Figure 8 Gamma discrimination is defined by the ratio of thermal neutron efficiency to gamma efficiency. Thermal neutron efficiency is calculated by dividing the total neutron counts collected from the detector by the incident neutron flux which was modeled using MCNP. By folding the results of MCNP simulations of the source, moderator, and laboratory, to account for room return, with the energy dependent 10 B cross section, the incident equivalent thermal neutron flux was obtained. Figure 10 shows the neutron to gamma discrimination and neutron efficiency in relation with low level discriminator in the range of 80 to 110 keV. In this range, the thermal neutron efficiency is maintained at 21 -22 %, while discrimination value ranges from 1.3 x 10 7 at 80 keV to 5 x 10 8 at 110 keV. Besides pillar height, gamma sensitivity also depends on operation voltage, pillar sidewall roughness, fixed charges at pillar sidewall. Operation voltage determines the depletion portion of pillars which is responsible for the gamma absorption. Pillar sidewall roughness affects the amount of deposited energy through recombination rates of generated electron hole pairs. Fixed charges affect detector's capacitance which sets the noise floor in gamma and neutron measurements. These effects are currently under the investigation. 6 LiF based perforated semiconductor thermal neutron detectors under 60 Co radiation obtained gamma discrimination of 3 x 10 6 with LLD setting at 200 keV and 1.6 x 10 7 with LLD setting at 500 keV [14, 15] . The signature gamma energy emitted from 60 Co is 1.3 MeV. For silicon, the linear attenuation coefficient is a function of incident gamma energy. Table 2 shows the relationship of incident gamma energies and corresponding amount of absorbed gamma-rays normalized to that of 1.3 MeV. The higher energy of incident gamma, the less amount of gamma absorbed. Given a certain silicon based detector, the absorbed gamma-rays of 60 keV are 21 times higher than that of 1.3 MeV. LLD setting is crucial to determine neutron-to-gamma discrimination. For 25 µm pillar detector, maximum LLD is set at 110 keV as shown in Figure 10 , because there are few gamma counts registered above that. Figure 10 Gamma discrimination and thermal neutron detection efficiency versus low level discriminator for 25 µm pillar detector
CONCLUSIONS
MCNP and COMSOL simulation are conducted to optimize the design of pillar structured thermal neutron detectors in order to obtain high neutron-to-gamma discrimination while maintaining high thermal neutron detection efficiency. For a fixed pillar height, gamma discrimination is maximized by reducing the intrinsic layer thickness below the pillars. Higher doping density in the substrate makes gamma discrimination higher by reducing the diffusion length of minority carriers. For 25 µm pillar detector, the gamma discrimination is measured as high as 1.3 x 10 7 with low level discriminator of 80 keV.
